This paper discusses a system of spectral and polarization image analysis, based on a tunable acoustooptic filter. A special Bragg-diffraction geometry in paratellurite is used for which the orthogonally polarized components of the light field are scattered into the opposite orders of diffraction. Simultaneous recording of the +1 and −1 orders of diffraction is used to compare the intensities of beams with different polarizations.
I. INTRODUCTION
It is well known that acoustooptic ͑AO͒ methods of processing optical signals are being used in optics and spectroscopy.
1, 2 In particular, tunable AO filters provide spectral and spatial filtering of light beams. The parameters of the radiation transmitted through the filter are controlled in real time by varying the characteristics of the controlling rf signal. The operation of such devices is based on the phenomenon of the diffraction of light at phase gratings induced by ultrasound in crystals. If a light beam with a wide spectrum of wavelengths is incident on the filter, narrow-band radiation in the range ⌬ is concentrated in first Bragg diffraction order. The frequency of the rf signal supplied to the AO cell determines the color of the transmitted radiation, while the amplitude of the controlling signal determines the intensity of the transmitted light. A special geometry of Bragg diffraction in crystals, called tangential geometry, is used to make it possible to process noncollimated light beams and optical images. Such interaction geometry is wide-aperture geometry, since light diffraction can be observed with high efficiency ͑more than 50%͒ in a range of angles of incidence of the light as high as several tens of degrees. 3 Spectral filtering of two-dimensional optical images thus becomes possible.
An important property of diffraction in optically anisotropic media is that the phase-synchronism conditions depend on the polarization of the incident electromagnetic radiation.
1,2 This means that, at a specified ultrasound frequency, the Bragg angles of the ordinary and extraordinary polarization waves in general differ. A number of optical layouts have been proposed to eliminate this disadvantage. [4] [5] [6] [7] On the other hand, polarization analysis of images can be carried out on the basis of this phenomenon. 8 It was found that it is useful to study the polarization of reflected light along with its spectral content in problems of defining artificial objects on a natural background. 9 This paper discusses a spectral AO system for processing images in real time that is also capable of recording the polarization of the incident radiation. A tunable AO filter and two CCD cameras are used in the system, making it possible to simultaneously record orthogonally polarized beams at the output of the AO cell.
II. ACOUSTOOPTIC DIFFRACTION WITH SPATIAL RESOLUTION OF DIFFERENT POLARIZATIONS OF LIGHT

A. Polarization-independent geometry of Bragg diffraction
It is well known that AO interaction can occur with high efficiency when the Bragg condition of phase synchronization is met.
1,2 For monochromatic light, this condition connects Bragg angle , the wavelength of the light, and the ultrasound frequency f and is described by an equation that can be obtained by means of vector diagrams of interaction that show how the wave vectors of the incident and diffracted light ͑k i and k d ͒ are connected with the wave vector K of the ultrasound:
Here and below subscript i denotes the quantities related to the incident light wave, while subscript d denotes those related to the diffracted wave. The ϩ sign corresponds to the +1st order of diffraction, whereas the Ϫ sign is taken for scattering of the light in the −1st order. It is shown in Ref. 10 that, in special cases, the condition given in Eq. ͑1͒ can be satisfied simultaneously for both the ordinary and the extraordinary polarized radiation. The following equations are then valid:
where subscripts o and e obviously correspond to the ordinary and extraordinary polarized waves. Figure 1 shows the corresponding diagrams for a positive uniaxial crystal. The principal refractive indices are denoted as n o and n e , while angle ␣ is the cutting angle of the plane of the piezoelectric converter of the AO cell. It is well known that, in the approximation of small birefringence ͑⌬n ϵ n e − n o Ӷ n o ͒, the refractive index for the extraordinary wave can be computed from
In this case, the Bragg condition can be written as
where V is the phase velocity of the ultrasound, determined by the cutting angle ␣ of the crystal. Moreover, elastic waves in crystals can possess significant energy drift, characterized by angle between the phase and group velocities.
B. The transmission band of the AO filter
The ultrasound frequency band ⌬f can be found from the vector diagram in Eq. ͑1͒, corresponding to a transmittance level of the AO filter of at least −3 dB,
where l PT is the piezoelectric-converter length. By using the Bragg condition given in Eq. ͑3͒, the ⌬f value is interconnected with the transmission band of the filter,
For example, an AO filter based on paratellurite ͑TeO 2 ͒, taking into account a cut at ␣ = 10°and the length l PT = 1.2 cm of the piezoelectric converter, possesses transmission band ⌬ = 15 Å at a wavelength of = 0.63 m, and this corresponds to a frequency band of ultrasound of ⌬f Ϸ 310 kHz. Figure 2 shows how the ultrasound frequency f depends on the Bragg angle in a paratellurite crystal with a cutting angle ␣ = 10°. The dashed curves denote the boundaries of the region f Ϯ⌬f / 2 in accordance with Eq. ͑4͒, in which the diffraction efficiency exceeds 50% for an AO cell in which the length of the piezoelectric converter is l PT = 1.2 cm. It is obvious that the largest angular diffraction aperture is observed at the point of the local minimum of the ultrasound frequency, f 0 = f͑ 0 ͒. It can also be seen that the scattering geometry is as shown in Fig. 2 at the point where the branches of this response corresponding to different polarizations of the incident light cross. At this working point, the ordinary polarized light is scattered into −1st order in accordance with Eq. ͑2a͒, while the extraordinary polarized wave undergoes diffraction into the +1st order according to Eq. ͑2b͒. The differently directed diffraction is simultaneously observed at an ultrasound frequency of f = 119.8 MHz at a Bragg angle of = 12.4°. It can also be seen that the angular aperture of diffraction at this point is ⌬ = 0.6°, and this is significantly less than in the wide-aperture geometry at f 0 = 119.6 MHz; however, it is sufficient for processing images. 4 The number of resolvable elements in an image can be found as the ratio of the angular aperture ⌬ of the linear system to the angular size ␦ of the minimum resolvable element:
C. Spatial resolution
The magnitude of ␦ is determined by the diffraction of light at the aperture a of the AO cell, as well as by the additional chromatic aberrations that arise in the process of AO scattering of light. Nevertheless, with the proper configuration of the optical system that forms the image, it is possible to achieve the diffraction limit of resolution ␦ = 1.22 / a.
12,13 To determine the angular aperture of the AO interaction, it is convenient to use an expansion of the frequency in Taylor series in powers of the Bragg angle in the neighborhood of the local minimum,
Here ⌽ 2 is the quadratic coefficient of the expansion of the frequency in the power series. The angular aperture can then be found from
where the diffraction angle is determined from the vector diagram of Eq. ͑1͒ in the approximation of small birefringence, dif Ϸ ⌬n
It is well known that the selectivity of AO diffraction is determined by the length of the region where light and sound interact, which, in the case of orthogonal interaction geometry, is proportional to the length of the piezoelectric converter. It can be seen from Eqs. ͑4͒ and ͑5͒ that the transmission band also depends on the cutting angle ␣ of the crystal. It is obvious that the angular aperture of interaction is also determined by these parameters of the AO cell. It follows from Eqs. ͑4͒ and ͑8͒ that ⌬ is inversely proportional to the piezoelectric-converter length l PT . At the same time, the dependence of ⌬ on ␣ is more complex, since all the quantities that enter into Eq. ͑8͒ depend on the cutting angle of the crystal. Figure 3 shows how the angular aperture depends on the cutting angle of the crystal at the point where the frequency-angle responses cross for a fixed piezoelectricconverter length of l PT = 1.2 cm. It can be seen that the angular aperture is minimal at a cutting angle of ␣ Ϸ 10°. The increase of the aperture at small cutting angles is caused by broadening of the filter's transmission band. At the same time, at large cutting angles, the slope of the frequency-angle response decreases as it approaches the critical cutting angle of 19.7°. 14 It is obvious from the viewpoint of increasing the spatial resolution and reducing the required power, which increases with increasing cutting angle, 1,2 that it is expedient to use AO filters with a cutting angle less than 10°. Nevertheless, an analysis of Eq. ͑5͒ shows that the transmission band of the filter increases as the cutting angle of the crystal decreases. Thus, the requirements on both the spatial and the spectral resolution of the device should be taken into account when choosing the AO cell geometry. According to calculation, for a cutting angle of ␣ = 10°, the angular aperture is ⌬ Ϸ 0.6°, and this makes it possible to process images with a number of elements N Ϸ 10 2 in the red region. Both the spatial and the spectral resolution of the filter increase at shorter wavelengths.
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III. AN OPTICAL IMAGE-PROCESSING SYSTEM WITH POLARIZATION ANALYSIS
A. The fundamental layout of the system
An important advantage of AO image-processing systems is that the optical layout is simple. In general, the apparatus consists of an AO cell, a CCD camera for recording the signal, and also stops and lenses that shape the image. The absence of movable parts ensures reliable functioning and fast response of the devices. An optical layout in which the +1st and −1st orders of diffraction are brought into coincidence can be used to process unpolarized images. 4 Conversely, in this paper, we investigate an optical system in which the polarizations are separated and are later recorded simultaneously. This made it possible to compare components of the light field that have different polarizations. Such an analysis allows artificial objects to be determined on a natural background with higher accuracy than by simply analyzing the spectrum of the reflected radiation. 9 The overall layout of the developed system is shown in Fig. 4 . Arbitrarily polarized light from object 1 passes through input lens 2 and is focused on AO cell 4, which is a controllable dispersion element. The spatial spectrum of the beams is limited by iris stop 3. The filtered beams pass through the system of output lenses 7, which project the image onto recording CCD array 8. Polarization filters can be used in the output channels of the system to reduce stray illumination and to increase the contrast of the resulting im- ages. The image in the +1st order of diffraction is formed by the extraordinary polarized component of the incident light, at the same time as the ordinary polarized component of the initial light field is observed in the −1st order. A comparison of the images in +1st and −1st orders gives information on the polarization state of the initial light. The light in zeroth order, which does not undergo diffraction, is blocked by opaque screen 6 to eliminate stray illumination of the useful signal.
The transmission wavelength of the AO cell is readjusted by varying the frequency of the electric signal supplied to the outputs of the piezoelectric converter. The polarization of the radiation can thus be analyzed while scanning the radiation in wavelength.
We should point out that, when necessary, the intensity of the diffraction beams is adjusted by the traditional method-by controlling the electric signal amplitude. Consequently, the transmittance of the AO cell, T = ͑I +1 + I −1 ͒ / I can be electrically adjusted, where I +1 and I −1 are the intensities of the light beams in the +1st and −1st diffraction orders, and I is the intensity of the incident light. It is obvious that amplitude modulation of the electric signal produces a corresponding intensity modulation of the diffracted light beams, and this in practice improves the SNR of the AO filter.
The chosen path geometry of the incident light beam in the AO cell ensures that the optical beams will be diffracted with wide external optical apertures ͑all the way to several tens of degrees͒. However, the actual aperture of the AO cell is limited to ⌬ Ϸ 9°. At larger apertures, there is partial overlap of the transmitted ͑zeroth order of diffraction͒ and the diffracted light beams at the output of the AO cell, and it becomes difficult to separate these beams.
B. Characteristics of the AO cell
The spectral working range and the main parameters of AO cells made from various materials are shown in Table I .
The developed AO filter was fabricated from singlecrystal paratellurite with a cutting angle ␣ = 10°relative to the ͓110͔ crystallographic axis. The phase velocity of the ultrasound in the chosen direction equals V = 710 m / sec, while the drift angle of the acoustic energy reaches values of = 54°. The time for an ultrasound pulse to pass through the aperture of a filter with a = 0.7 cm is 10 s. and this determines the response rate of the device. Broad-band electric matching of a lithium niobate piezoelectric converter was carried out in the frequency range 75-180 MHz ͑at the −3 dB level͒, and this corresponds to optical wavelengths from 450 to 950 nm. When the length of the piezoelectric converter was l PT = 1.2 cm, the transmission band as given by Eq. ͑5͒ was ⌬ = 16 Å at a wavelength of = 633 nm, and this corresponds to a spectral resolution of R = ⌬ / 2 Ϸ 40 cm −1 . When the controlling power of the highfrequency is 0.2 W, the diffracted light intensity at wavelength = 0.63 m reached 96% of the incident light intensity.
IV. CONCLUSION
In optical multispectral and hyperspectral systems intended for taking pictures of earth's surface from space, spectral selection of the radiation can be accomplished with a prism ͑a wedge filter͒, a diffraction grating, an interferometer, interference filters, or a tunable liquid-crystal filter. 16 The choice of one or the other method of spectral selection of the radiation is determined by the purpose of the optoelectronic imaging device, its design features, and the operating conditions on board the vehicle.
Technical solutions using the elements indicated above are fairly complex in design, expensive, large and heavy; besides this, the corresponding spectral radiation-selection module consumes excessive power. This paper proposes a new approach to the problem of multispectral and hyperspectral radiation selection, based on the diffraction of light at phase gratings induced by ultrasound in birefringent crystals. For each of the wavelengths distinguished by the filter, the indicated effect allows an unpolarized and uncollimated input light ray to be separated into two rays with orthogonal directions of polarization, deflected into opposite ͑+1st and −1st͒ diffraction orders.
The advantages of the proposed technical solution include rapid electronic tuning in wavelength, relative simplicity of its design, high reliability, and the possibility of improving the sensitivity and detectivity of the optoelectronic imaging device by analyzing and processing orthogonally polarized beams at the output of a tunable acoustooptic filter ͑TAOF͒ based on an AO cell. It should be pointed out that TAOFs ͑with no separation of radiation by polarization͒ are widely used in practice abroad, unlike in Russia. Interesting examples include a fourchannel AO spectrometer made by BAE Systems, developed as part of the Herschel Space Telescope program by order of the European Space Agency. The design of the device satisfies the requirements imposed on space-based systems and devices ͑it is a space-qualified design͒ and, in particular, the following operating conditions: random vibrations along three axes: 14.1g ͑rms͒; thermal cycling: 12 cycles from +65°C to − 37°C; static acceleration along three axes 11.8g. 17 This example illustrates that it is actually possible to use a TAOF as the filtering element during the spectral selection of radiation in optoelectronic space-based devices included in hyperspectral apparatus for imaging the earth's surface.
It is pointed out in Ref.
18 that polarization analysis in the visible and long-wavelength IR ranges of the spectrum can be used to increase the contrast of objects of artificial origin ͑with sizes from a fraction of a meter to several tens of meters͒ on a background of the natural underlying surface of the earth. Thus, there is no doubt of the critical nature and the necessity of developing an approach involving the use of the proposed technical solution when creating hyperspectral apparatus for remote imaging of the earth's surface.
A promising way in which to use the proposed TAOF can be in apparatus for hyperspectral analysis of images in order to monitor the purity and quality of food products. [19] [20] [21] [22] This method also possesses great potential in problems of detecting genetically modified food products, and publications on this approach have appeared quite recently. 23, 24 1
